Abstract
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essential for the suppression of heterocyst differentiation and propose a model that cyAbrB1 117 offers HetR an appropriate threshold for the induction of heterocyst development. 
Results

121
Heterocyst formation by cyabrB1 knockdown in the presence of nitrate 122 A conditional cyabrB1 knockdown strain C104 was constructed by integrating a plasmid 123 containing P petE -tetR, P L03 -dcas9, and P J23119 -sgRNA targeting cyabrB1 (Figure S1 ) to the neutral 124 site cyaA (31). In the strain, an inducer anhydrotetracycline (aTc) derepresses L03 promoter by 125 binding to TetR, and dcas9 is induced. sgRNA is constitutively expressed. Therefore, the 126 addition of aTc switches on repression by CRSIPRi. A negative control strain C100 without 127 and 72 h. Repression of cyabrB1 did not lead to heterocyst formation when C104 was cultured 140 in ammonium-containing medium (Fig. S2B ).
141
To rule out the possibility that the observed phenotype is due to off-target effects of 142 CRISPRi, we constructed C105 and C106 that retain sgRNA targeting different sites of cyabrB1.
143
Formation of heterocyst was promoted in both C105 and C106 by cyabrB1 repression similarly 144 in C104, when cells were cultured in nitrate-containing medium and bubbled with air containing 145 5% (v/v) CO 2 (Fig. S3) . The results suggest that cyAbrB1 is required for the suppression of 146 heterocyst formation in the presence of nitrate.
148
Repression of hetP and hepA by cyAbrB1 in the presence of nitrogen sources 149 To elucidate the cause of heterocyst formation in the presence of nitrate, RNA was extracted 150 from cells of C100 and C104 cultured for 48 h in nitrate-containing medium with 5% CO 2 in the 151 8 absence or presence of the inducer, and an RT-qPCR analysis was performed. The expression of 152 four genes that are induced at early stages of heterocyst development, including hetR, hetP, hetZ, 153 and hepA, was investigated ( Fig. 2A) . hetR encodes a master regulator of heterocyst 154 differentiation and its over-expression causes heterocyst formation in the presence of nitrogen 155 sources (9). Both hetP and hetZ are directly up-regulated by HetR, and ectopic expression of 156 either gene leads to heterocyst formation in the presence of nitrogen sources (4, (32) (33) (34) (35) (36) . hepA 157 encodes a component of an ABC transporter required for the construction of the heterocyst 158 exopolysaccharide layer (37), which is the first step during morphological differentiation (4).
159
HetR also directly induces expression of hepA (4, 38) . While the expression of hetR and hetZ 160 did not change significantly, the expression of hetP and hepA was significantly induced when 161 cyabrB1 was repressed in C104. Similar results were observed in C105 and C106 ( Fig. 2A) . We 162 confirmed that cyabrB1 transcript and cyAbrB1 protein in C104, C105, and C106 were 163 repressed in the presence of the inducer ( Fig. S4A and B, respectively). 164 Subsequently, we extracted RNA from C104 cultured in the presence of nitrate with 1% 165 CO 2 bubbled or in the presence of ammonium with 5% CO 2 bubbled (Fig. 2B) . Although no 166 heterocysts were formed in the latter condition, hetP and hepA were greatly induced when 167 cyabrB1 was repressed in both conditions, similarly in Fig 2A. We confirmed that cyabrB1 168 transcript and cyAbrB1 protein were repressed in both conditions in the presence of the inducer 169 ( Fig. S4C and D, respectively) . The results indicate that the up-regulation of hetP and hepA by 170 cyabrB1 knockdown induced heterocyst formation rather than hetP and hepA were induced 171 following the initiation of heterocyst development, and that heterocyst formation was 172 suppressed by an unknown mechanism in the presence of ammonium.
173
Expression of nifH encoding a subunit of nitrogenase was quantified to determine 174 whether the heterocysts formed by cyabrB1 repression were functional. Repression of cyabrB1 175 9 in C104 in the presence of nitrate bubbled with 5% CO 2 induced nifH, but not under bubbling 176 with 1% CO 2 (Fig. S5) , suggesting that maturation of heterocysts depends on C-N balance 177 inside the cells and does not directly depend on cyAbrB1. Therefore, we concluded that 178 cyAbrB1 is essential for repression of hetP and hepA in the presence of nitrogen sources. To clarify whether the up-regulation of hetP and hepA is independent of or dependent on HetR, 182 we constructed a C104h strain in which cyabrB1 could be knocked down using the CRISPRi 183 system in a hetR mutant strain (39) (Fig. S1 ). RNA was extracted from C104h cultured in the 184 presence of nitrate bubbled with 5% CO 2 in the absence or presence of aTc. RT-qPCR analysis 185 revealed that hetP and hepA were up-regulated by cyabrB1 repression in the hetR-deficient 186 background (Fig. 3A) , indicating that cyAbrB1 regulates the expression of the two genes 187 independently of HetR. We confirmed that cyabrB1 transcript and cyAbrB1 protein in C104h 188 were repressed similarly in C104 in the presence of the inducer (Fig. 3A and B) .
189
Heterocysts were not formed following the repression of cyabrB1 in C104h (Fig. 3C) . hetP and hepA were induced in C104h (Fig. 3C ). Subsequently, we constructed a cyabrB2 knockout mutant DR2080 and a cyabrB1 198 knockdown/cyabrB2 knockout mutant C104B2 (Fig. S1 ) to examine specificity and redundancy 1 0 of cyAbrB1 and cyAbrB2. In C104B2, cyabrB1 knockdown caused 4.5% heterocyst formation 200 in nitrate-containing medium bubbled with 1% CO 2 (Fig. 4A) . In contrast, cyabrB1 knockdown 201 mutant C104 and cyabrB2 knockout mutant DR2080 produced only 0.6 and 0% heterocyst 202 under similar conditions, respectively ( Fig. S2A and Fig. 4A ). An RT-qPCR analysis revealed 203 that hetP and hepA were similarly induced by cyabrB1 knockdown in C104 and C104B2 204 (Compare Figs. 2B and 4B) . The expression of hetR and hetZ were not induced by cyabrB1 205 knockdown in C104B2, similarly to in C104 (Fig. 4B) To test whether the expression of hetP and hepA was directly regulated by cyAbrB1, we 216 expressed a recombinant His-cyAbrB1 in Escherichia coli and purified it. The purified 217 His-cyAbrB1 protein had an apparent molecular weight of 18,000, which was largely consistent 218 with the theoretical value (Fig. 5A ). We performed a gel mobility shift assay using His-cyAbrB1 219 and Cy3-labeled DNA probe PhetP that includes hetP promoter region (Fig. 5B) . retarded the mobility of the probe. Thereafter, we examined the specificity of the interaction 221 using a competition assay. Addition of a 5 or 10-fold molar excess of non-labeled DNA probe 222 PhetP and PhepA (hepA promoter region) eliminated the retardation, but that of cyabrB1RT 1 1 (internal region of cyabrB1) did not (Fig. 5B) . The results indicate that cyAbrB1 binds promoter 224 regions of hetP and hepA and that the two genes are directly repressed by cyAbrB1.
226
Inhibition of heterocyst formation by over-expression of cyabrB1 227 We investigated whether or how cyAbrB1 participates in heterocyst development in the absence 228 of nitrogen sources. cyabrB1 was knocked down upon removal of combined nitrogen sources in 229 C104. After 24 or 48 h of nitrogen step-down, heterocysts were formed in the strain in the 230 absence or presence of aTc ( Fig. S7A and B) . However, vegetative cell intervals were shorter in 231 the presence of the inducer than in the absence of the inducer (Fig. S7C ). Figure S7D shows that 232 cyAbrB1 was repressed in the presence of the inducer in C104 at 48 h in the absence of nitrogen 233 sources. 234 Then, we constructed a cyabrB1 over-expression strain T121 (Fig. S1 ). In the strain, aTc 1 2
Expression of hetR was also repressed in T121 following the addition of aTc, although it was 248 minimal compared to the expression of hepA for an unknown reason. We confirmed that the 249 addition of aTc led to the accumulation of cyabrB1 transcripts and cyAbrB1 protein (Fig. 6B) . 250 The results suggested that over-production of cyAbrB1 inhibited the transcription of hepA. The 251 reason why the expression of hetP was not inhibited is discussed below.
252
We quantified the amounts of cyAbrB1 after nitrogen depletion in PCC 7120. Cells of 253 PCC 7120 were washed by nitrogen-free medium and transferred to nitrate-containing or 254 nitrogen-free medium, and were cultured for 8 h. Total proteins were extracted from cells before 255 and after their cultivation. Western blotting using anti-cyAbrB1 antibody revealed that the 256 depletion of nitrogen sources did not alter the amounts of cyAbrB1 ( Fig. S8A and B) . We also 257 quantified the amounts of cyAbrB1 in mature heterocysts after nitrogen depletion for 24 h 258 relative to that in whole filaments. The amounts of cyAbrB1 were marginally lower in 259 heterocysts ( Fig. S8C and D the genes by cyabrB1 knockdown is due to an increase in HetR proteins or its activity (e.g. 298 decreased level of PatS, a HetR inhibitor (43)) should be rejected based on the results that 299 cyAbrB1 regulation of the genes is independent of HetR ( Fig. 3A) and that expression of hetZ, a 300 direct target of HetR (34), was not induced following cyabrB1 knockdown (Fig 2) . Upon 301 nitrogen step-down, amounts of cyAbrB1 did not significantly decrease (Fig. S8 ). We propose 302 that strong induction of HetR in proheterocysts (42) 
Perspectives
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In the present study, we could not identify target genes of cyAbrB1 other than hetP and hepA, After 48 h of cultivation, total protein was extracted and western blotting using anti-cyAbrB1 antibody was performed. Different amounts of total proteins from C100 cultured in the absence of aTc were loaded to show the linearity of the results. (C) Time course analysis of cyAbrB1 knockdown. Each strain was cultivated for the indicated time in the presence of 50 ng/ml aTc. Subsequently, total protein was extracted and western blotting using anti-cyAbrB1 antibody was performed. Fig. 2 . Up-regulation of some genes related to heterocyst differentiation following knockdown of cyabrB1. After 48 h of cultivation in the absence or presence of 50 ng/ml aTc, RNA was extracted and RT-qPCR was performed. rnpB was used for normalization. Data represent mean ± SD (n = 3 from independent culture). Amounts of each gene relative to that in C100 grown in nitrate-containing medium bubbled with air containing 5% (v/v) CO 2 in the absence of the inducer are shown. (A) Each strain was grown in nitrate-containing medium and bubbled with air containing 5% (v/v) CO 2 . (B) Strain C104 was grown in nitrate-containing medium bubbled with air containing 1% (v/v) CO 2 , or in ammonium-containing medium bubbled with air containing 5% (v/v) CO 2 . Fig. 3 . Knockdown of cyabrB1 in the hetR mutant background. Cells were cultured in nitrate-containing medium bubbled with air containing 5% (v/v) CO 2 in the absence or presence of aTc for 48 h. (A) Effect of hetR inactivation on expression of cyabrB1 and genes related to heterocyst formation. RNA was extracted and RT-qPCR was performed. rnpB was used for normalization. Data represent mean ± SD (n = 3 from independent culture). Amounts of each gene relative to that in C100 cultured in nitrate-containing medium bubbled with air containing 5% (v/v) CO 2 in the absence of the inducer are shown. (B) Confirmation of cyAbrB1 knockdown. Total protein was extracted and western blotting using anti-cyAbrB1 antibody was performed. (C) No heterocyst formation by cyabrB1 knockdown in hetR deletion background. Cells of C104h were micro-photographed. . Effect of cyabrB1 over-expression on heterocyst development. Cells of the negative control strain C100 and cyabrB1 over-expression strain T121 were cultured in the absence or presence of 200 ng/ml aTc. (A) Impaired growth under nitrogen-depleted conditions by cyabrB1 over-expression. Cells were cultured in nitrogen-free or nitratecontaining medium and OD 750 was monitored. Data represent mean ± SD (n= 3 from independent culture). (B) Effect of cyabrB1 over-expression on heterocyst formation. Cells of C100 and T121 cultured for 24 h in the absence or presence of the inducer were micro-photographed. (C) Effect of cyabrB1 over-expression on expression of genes related to heterocyst formation. After 8 h of nitrogen depletion, RNA was extracted and RT-qPCR was performed. rnpB was used for normalization. Data represent mean ± SD (n = 3 from independent culture). Amounts of each gene relative to that in C100 grown in nitrate-free medium in the absence of the inducer are shown. Over-expression of cyAbrB1 was confirmed by western blotting.
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